Genetically engineered bacteria can be used for a wide range of applications, from monitoring environmental toxins to studying complex communication networks in the human digestive system. Although great strides have been made in studying single strains of bacteria in well-controlled microfluidic environments, there remains a need for tools to reliably control and measure communication between multiple discrete bacterial populations. Stable long-term experiments (e.g., days) with controlled population sizes and regulated input (e.g., concentration) and output measurements can reveal fundamental limits of cell-to-cell communication. In this work, we developed a microfluidic platform that utilizes a porous monolith to reliably and stably partition adjacent strains of bacteria while allowing molecular communication between them for several days. We measured small molecule production by the bacterial populations in response to stimuli using analytical chemistry methods and measured fluorescent output. The results are compared with communication and diffusion delay models. This porous monolith microfluidic system enables bacterial cell-to-cell communication assays with dynamic control of inputs, relatively long-term experimentation with no cross contamination, and stable bacterial population size. This system can serve as a valuable tool in understanding bacterial communication and improving biosensor design capabilities. Published by AIP Publishing. [http://dx
I. INTRODUCTION
The human gastrointestinal (GI) tract maintains a large and diverse microbiome that plays a vital role in maintaining human health. 1 Gut microbiota are involved in essential processes including immune system development, nutrient synthesis, epithelial renewal, and antimicrobial secretion. 2 Dysregulation of GI tract bacterial populations has detrimental inflammatory and metabolic effects, leading to cardiovascular, neurodegenerative, and autoimmune disorders. 3 Although great advancements have been made in mapping the genetic diversity of this microbiome, we still lack a fundamental, scientific understanding of how this complex community of over 1000 bacterial species and 100 trillion individual cells in the human GI tract is able to maintain homeostasis within a living organism. 4 Current hypotheses suggest that GI tract bacterial species survey their microbiome and regulate their symbiotic relationships in response to stimuli such as pH, temperature, and molecular signals. 5 While the vast complexity of these species and stimuli is still overwhelming, isolating and genetically engineering a few dominant species within a controllable, engineered environment (e.g., a microfluidic device) to monitor and perturb their molecular signals may yield fundamental insights into the network dynamics within the human gut. Beyond elucidating the fundamental mechanisms in these physiological systems, understanding these communication signals could enable us to modulate, regulate, and even accelerate communication for both human health and engineered bacterial biosensors (e.g., Refs. [6] [7] [8] .
Microfluidics can provide control over experimental conditions such as population size, temperature, nutrient levels, and stimulus. As such they have been used for a wide variety of cell studies, 9 yet stable isolation of different populations while allowing molecular communication remains challenging. Isolation, or partitioning, has been achieved through a micro-ratchet structure, 10 an alumina matrix filter, 11 and a chitosan membrane. 12, 13 Although the microratchet structure 10 was able to culture isolated populations of bacteria on chip, crosscontamination limited experiments to 8 h-the duration of a single signaling event with insufficient time to stabilize population size (24 h ). The alumina matrix filter 11 successfully kept populations isolated without cross-contamination, but the chambers were very large, sealed off, and had no flow, thus precluding dynamic experimentation with control of stimulus, population size, nutrients, and removal of excess bacteria. The work done by Luo et al. 12, 13 made progress culturing populations of bacteria in an alginate gel, isolating them using a chitosan membrane. Flow rates were necessarily extremely limited, and after 15 h, bacteria outgrew the gel. Further, the alginate gel used to mimic the biofilm could potentially have deleterious effects on bacterial growth and communication. In this work, we developed a microfluidic platform that utilizes a porous monolith to reliably and stably partition adjacent strains of bacteria while allowing communication between them for several days. This microfluidic system allows for continual monitoring of output using fluorescent microscopy as well as collection of effluent for offline small molecule quantification.
II. METHODS

A. Bacteria and communication network architecture
Two distinct bacterial strains with different functions were engineered for this work: a transmitter and a receiver. In response to an inducer from its surroundings, the transmitter cells emit chemical signal molecules to the receiver cells, which in turn report via fluorescent output. Figure 1 depicts this bacterial communication network and shows the bacterial strains in detail. As shown in Fig. 1(a) , arabinose is the inducer (Arabinose Input) for the transmitter, which produces the chemical signal N-Hexanoyl-L-homoserine lactone (AHL) (AHL output). The AHL is then the input for the receiver bacteria. As we have engineered them, both the transmitter and receiver bacteria produce green fluorescent protein (GFP) as a visual output that can be imaged using fluorescent microscopy.
For both bacterial strains, we utilized genetic features of a marine symbiotic bacterium Vibrio fischeri (V. fischeri) that possesses a quorum sensing system called the LuxIR circuit. In the native system, the LuxI enzyme catalyzes the generation of the AHL signaling molecule, and the LuxR receptor protein upon binding AHL can serve as a transcription factor that activates the P lux promoter that controls production of a visual output, light. To confer communication properties to the Escherichia coli (E. coli) strains used in this work, both receiver and transmitter bacteria were transformed with plasmids constructed with components from V. fischeri. The arabinose input and AHL output [ Fig. 1(a) ] plasmid construction was developed using additional E. coli genetic components as described by Schleif. 14 The receiver bacterial development [ Fig. 1(b) ], testing, and modeling have been reported in our previous work 15 but will be briefly mentioned here. In the receiver bacterial construction, AHL diffuses across the membrane while a constitutive promoter (P on ) drives the expression of the luxR gene. AHL e represents AHL external to the cell, while AHL i is internal AHL. LuxR forms a dimer with the AHL to form a complex. That complex then activates the lux promoter (P Lux ), which in this system results in expression of the green fluorescent protein (GFP) gene carrying a degradation tag. In its immature state (GFP i ), it is not fluorescent. Once the GFP reaches its mature state (GFP m ), it becomes fluorescent. GFP production causes the receiver bacteria to fluoresce in response to AHL accumulation.
The transmitter bacteria feature both "off" (non-fluorescent) and "on" [fluorescent, shown in Fig. 1(b) ] states, triggered by the presence of an arabinose inducer. Without the presence of arabinose in the cell ("off"), an AraC protein dimer is bound to the P BAD promoter DNA for the luxI gene and represses AHL production by preventing access by RNA polymerase. When arabinose is present and transported across the bacterial membrane, it can bind to AraC ("on") and induces a change in AraC protein conformation. This leads to the release of AraC from the P BAD promoter, "de-repressing" it so that RNA polymerase can express the luxI gene to synthesize AHL. The AHL produced in response to arabinose can diffuse out of the transmitter bacteria into the microfluidic chamber for reception by the receiver bacteria. To facilitate monitoring of AHL production by the transmitter bacteria fluorescently, we also integrated the AHLreceptive GFP gene network within the transmitters so that they can also receive self-produced AHL Output and express GFP in response [ Fig. 1(a) ].
B. Acyl homoserine lactone (AHL) quantification
Quantification of the AHL output of the transmitter bacteria is necessary to understand the entire communication network and to model the events depicted in Fig. 1(a) . AHL is traditionally measured using a bacterial bioassay, 16 but this method only yields order of magnitude concentration resolution. To improve the quantification to micro-molar resolution, we adapted the methods used by Kannappan et al., 17, 18 after collecting effluent media (360 ll for every hour of experimentation) containing AHL from the transmitters isolated on the microfluidic chip.
To extract the AHL from the media, the solution was centrifuged for 10 min at 10,000 rpm in a sterile tube and the supernatant was collected. The supernatant was mixed with ethyl acetate (2:1 ratio), incubated at room temperature for 15 min, and transferred to a separatory funnel for 5 min. The organic layer was collected in a sterile container, and the aqueous layer was extracted. The separatory step was repeated twice.
To separate the AHL from the ethyl acetate, a rotary evaporator was used. With the solution in a 100 ml round bottom flask submerged in 37 C water, the pressure of the rotary evaporator system was slowly lowered until the pressure reached 80 mbar and then left until all solvent had evaporated. The AHL was re-suspended in 15% methanol and stored (À60 C) for analysis using liquid chromatography-mass spectrometry (LC-MS, using ThermoFisher Scientific LTQ Orbitrap XL ETD), with a detection threshold of 1 lM.
To determine whether AHL extraction and quantification could be performed with high yield, linearly, we constructed a set of calibration curves. We compared the AHL quantification achieved through the extraction from media (spiked with known concentrations of AHL) to AHL in 15% methanol (control). For both test and control, AHL concentrations were as follows: 100 lM, 75 lM, 50 lM, 25 lM, 10 lM, and 1 lM. The controls were repeated seven times and the extracts were repeated six times, with averages shown.
C. Microfluidic chip design and fabrication
The microfluidic device design is shown in Fig. 2 (a), with a detailed view of the "communication zone" featuring the porous monolith and trapping chambers shown in Fig.  2(b) . The line of symmetry [ Fig. 2(a) ] enables two simultaneous communication experiments to be conducted. To optimize the flow channel and chamber design to maximize the AHL concentration in the receiver chamber while minimizing clogging, we used finite element analysis (COMSOL) modeling.
Each of the two communication zones comprises a pair of trapping chambers (100 lm Â 100 lm Â 5 lm tall) to isolate the bacterial populations that we have developed previously. 15, 19 They are separated by a porous monolith (75 lm wide, 10 lm tall). During communication experiments, Fig. 2(b) shows that the transmitter produces AHL (black dots), and the AHL is free to diffuse through the porous monolith (gray) to the receiver bacteria (green). The flow channels (250 lm wide Â 10 lm high) are in direct open contact with the chambers and are used to flow receiver media and either transmitter media or transmitter stimulus as necessary to stimulate this communication. Flow was collected from the "transmitter output" port [ Fig. 2(a) ] for AHL quantification. The constant flow of media is critical not only for the health of the bacteria but also to remove excess bacteria to maintain constant population sizes for the duration of the experiment and across all experiments. Port separation is minimized, allowing for metal connectors for tubing without collapsing the channels. To reduce the number of ports, thus the number of tubing connections, we tried to simplify the design by combining common channels. Prior to each communication experiment, the monolith fabrication ports are used to flow monolith reagents through a channel where they are polymerized.
To fabricate the microfluidic devices, we utilized standard soft lithography 20 to create a SU-8 and silicon mold. Polydimethylsiloxane (PDMS) was poured and baked onto the mold, peeled from the mold, and then plasma treated and bonded, resulting in a PDMS device bonded to a glass coverslip.
D. Monolith fabrication
Several methods of porous monolith fabrication inside PDMS microfluidics [21] [22] [23] [24] have been published, and in particular, Araya-Farias et al. 24 developed an innovative single step approach-a monolith consisting of ethylene glycol methacrylate phosphate monomer and N,N 0 -methylene-bis-acrylamide crosslinker.
FIG. 2. (a)
Microfluidic chip design with flow channels and adjacent trapping chambers shown (b) schematically. The bacterial populations grow in isolated chambers separated by the monolith. AHL diffuses through the porous monolith from the transmitters to the receivers, the adjacent flow channels of which provide nutrients, oxygen, and carry away excess or dead bacteria.
The monolith solution consists of 2-(methacryloxy) ethyl phosphate (EGMP) monomer, N,N 0 -methylenebis(acrylamide) crosslinker, and 2,2-dimethoxy-2-phenylacetophenone photoinitiator dissolved in a solvent mixture of 1-dodecanol (DDC), dimethylsulfoxide (DMSO), and N,N-dimethylformamide (DMF). The solvents were mixed in proportions of 58.2% w/w DMSO, 32.2% w/w DDC, and 9.6% w/w DMF and left to sit at room temperature for $2 h. The monomer, crosslinker, and photoinitiator were weighed at proportions of 52.3% w/w EGMP, 40.3% w/w BAA (N,N 0 -methylene-bis-acrylamide), and 7.4% w/w DMPA (2,2-dimethoxy-2-phenylacetophenone) and dissolved in the solvent (to give a final mixture of 44.0% w/w DMSO, 24.3% w/w DDC, 12.8% w/w EGMP, 9.8% w/w BAA, 7.3% w/w DMF, and 1.8% w/w DMPA). Due to the oxygen-sensitive nature of free-radical polymerization, the reaction solution was degassed via nitrogen sparging while under sonication and the prepared PDMS device was subjected to a nearvacuum each for 20 min prior to injection.
Injection was done manually by using a syringe quickly so as to reduce the solution's exposure to open air after the reaction mixture was removed from the nitrogen stream. The device was filled entirely with monolith solution (approximately 0.1 ml). By injecting through only one monolith fabrication port on each side (of the symmetrical device), we reduced the chance of trapped bubbles in the microfluidic device.
We advanced the monolith fabrication technique of Araya-Farias et al. by lithographically patterning the monolith with micrometer resolution. Each device was fitted with a 75 lm thick stainless steel sheet that was laser cut (Stricklin Company) and masked with tape such that the monolith channel of the device is exposed to incident light while masking the flow channels and chambers. The device with mask was irradiated at 1.5 mW/cm 
E. Bacterial communication
Bacteria were initially injected into the device through, respectively, the receiver media port and the transmitter media port [see Fig. 2(a) ] using a syringe (BD, Luer-Lok), filling their respective channels entirely. Excess bacteria were flushed from the channels, leaving bacterial populations in the chambers. On a heated microscope stage (30 C), bacteria were allowed to populate the chambers for 24 h to reach capacity ($10 5 /chamber), while the chamber was supplied with LB at 100 ll/h.
Once the bacteria had filled the chamber and the biofilm had formed protecting the colony from shear stress, the flow rate was increased to 360 ll/h. For the transmitter bacteria, which is supplied by two ports [media port and stimulus port in Fig. 2(a) ], one syringe was used for LB (at 350 ll/h), while the second (10 ll/h) was used to deliver arabinose. An "arabinose pulse" is the duration and concentration over which this arabinose inducer is delivered to the transmitter bacterial chamber. Pulse durations of 50 min and concentrations of 20 lM that we have previously optimized for stimulus 15, 25 were used. Fluorescent images were captured once in every 10 min at 20Â magnification and post-processed using MATLAB. The intensity of the pixels within the bacterial chambers was averaged and the background fluorescence was subtracted, yielding relative fluorescence [arbitrary units (AU)]. Tygon tubing and syringe pumps (Harvard Apparatus) were used for connections and flow. After approximately two days of growth and experimentation, experiments were terminated due to bacterial growth issues (e.g., clogging).
Experimentally, the duration to fluorescence after induction was determined to be the difference between the time start of the induction pulse and the time at which the fluorescence exceeded 10% of maximum fluorescence.
III. RESULTS
A. AHL quantification
The results comparing AHL quantification from media to controls are shown in Fig. 3(a) . The linear fit and the corresponding R 2 values are displayed. The AHL retention efficiency of the extraction method on average was above 90% for the range of concentrations measured (1-100 lM) . Thus, we successfully extracted AHL from the media, as compared to controls in methanol) using analytical chemistry tools, and the response to our quantification method is relatively linear. The resulting calibration curve between the mass spectrometry "peak area" and AHL concentration enabled us to subsequently determine the AHL concentration in the transmitter chambers during communication experiments.
Using the microfluidic device loaded with transmitter bacteria, we collected media from the "transmitter output" port [ Fig. 2(a) ] using a syringe pump and Tygon tubing with an opposite flow rate to the input ports. We extracted and analyzed the AHL concentration in the trapping chambers at 30 min intervals and correlated it with the bacterial fluorescent response. These results are essential in understanding the communication between transmitter and receiver bacteria.
The transmitter AHL output over a 10 h experiment was collected every 30 min. This was repeated 8 times and the time segmented outputs were combined over the 8 experiments. The results are shown in Fig. 3(b) . The AHL concentration was determined by taking the area under the curve of the mass spectrometry data, correcting for volume changes, and comparing to the extraction calibration curve of Fig. 3(a) using the "extracts" linear fit equation. Figure 3 (b) illustrates that the AHL concentration first increases in response to the 50 min pulse of 20 lM arabinose and then begins decreasing. Notably, we found in previous experiments (not shown) that the saturation of the AHL to GFP circuit occurs around 30 lM of AHL (shown in orange). Thus, concentrations above 30 lM do not elicit additional GFP production, due to the limited amount of LuxR in the bacteria. Without any free LuxR, AHL cannot form a dimer. The variation of the concentration level over time is likely due to AHL loss during the extraction process. Most importantly, the results show the ability to quantify the AHL production of the bacteria, a vital capability for future modeling work.
B. Modeling
The microfluidic device design shown in Fig. 2(a) is intended to enable long term experimentation by minimizing areas of low velocity flow in/near the trapping chambers that could lead to errant bacterial growth while maximizing diffusion of AHL from the transmitter to receiver chamber. This required optimizing the angular orientation of the flow channels, which was performed in COMSOL. As shown in Fig. 4 , the inlet to the trapping chamber is oriented at 45 relative to the outlet. This design resulted in 30.6% of AHL produced by the transmitters reaching the receiver bacterial population. While there were relatively low velocity locations in this design, there were no stagnation points that would lead to unwanted bacterial growth. Thus, the device features this angular orientation. Although this model neglects the effects of the bacteria in the trapping chambers, AHL loss is minimal compared to channel AHL loss.
C. Microfabricated chip and monolith
A representative image of the "communication zone" as fabricated is shown with the central monolith region in Fig. 5 , with channel and chamber edges highlighted for comparison to Fig. 2(b) . The image shows monolith formation in a chip filled with DI (deionized) water. The monolith creates a barrier between the two trapping chambers to prevent bacteria traveling from one side to the other and cross contaminating the populations, while still allowing AHL to diffuse across. Although there is some monolith debris in the trapping chamber, it is minimal and still allows the bacteria to create a stable population.
We performed a set of experiments in a simple straight channel (250 lm Â 10 lm) with a porous monolith plug fabricated as described to ensure that the monolith, with its inherent pore size, could successfully restrict bacterial growth while allowing AHL flow. Figure 6(a) shows the results for a bacterial strain producing GFP injected on one side of the monolith plug. These results confirm that the bacteria could not pass through the pores in the monolith and that the monolith was well attached to the device under flow. Reversing the flow with AHL in the media enabled us to determine whether AHL could successfully pass through the monolith and stimulate GFP production receiver bacteria. This induction represents a step function. The results are shown in Fig. 6(b) . As the receivers begin producing GFP, the time domain signal of relative fluorescence increases to a plateau, as expected.
D. Bacterial communication
With both receiver and transmitter chambers populated with respective bacteria and nourished by media, we delivered a 50 min pulse of 20 lM arabinose to the transmitter channel. The results are shown in Fig. 7 . The fluorescence response of the transmitters is first observed, followed shortly thereafter by the fluorescence response of the receiver population.
To analyze these results, we first examined whether the delay between the transmitter response and the receiver response is as expected. This delay is governed primarily by diffusion of the small AHL molecules through the monolith. We neglected the convective forces and biofilm inhibition in these calculations. Fick's law of diffusion utilizes a diffusion coefficient that depends on the size and shape of the molecule, interaction with the solvent, and viscosity of the solvent. This diffusion coefficient works when considering an unobstructed medium that the molecule is diffusing through. Since the AHL passes through a porous monolith, it was necessary to calculate an effective diffusion coefficient for the slowing effect the monolith would cause. This effective diffusion coefficient considers the size of the molecule and the size of the pores. The effective diffusivity (D e ) in porous medium is
where D is the diffusion coefficient in gas or liquid filling the pores (m 2 s
À1
), e t is the porosity available for the transport (dimensionless), d is the constrictivity (dimensionless), and s is the tortuosity (dimensionless). Porosity is a measure of the void (i.e., "empty") spaces in a material and is a fraction of the volume of voids over the total volume measured between 0 and 1. Constrictivity is the ratio of the diameter of the diffusing particle to the pore diameter, and tortuosity is a property of curve being tortuous inclusive of range 1-2. Since the tortuosity cannot be determined, the two extremes were examined.
To calculate the constrictivity, we first needed to establish a radius for the AHL molecule. The Stokes radius, or a hydrodynamic radius, is the radius of a hard sphere that diffuses at the same rate as the solute of interest, or
where D is the diffusion coefficient in gas or liquid filling the pores (m 2 s À1 ), T is the temperature (K), g is the viscosity of the media, and k B is the Boltzmann constant. The values listed Table I were used to calculate the 3.88 nm AHL radius. The constrictivity was then calculated by taking the ratio of the AHL radius to the monolith pore size and was found to be 0.06. This was finally used to calculate the effective diffusivity of AHL of 1.335 lm 2 /s. All variables and their respective sources, when applicable, are shown in Table I .
The distance the AHL will travel through the monolith between the transmitters and the receivers is the width of the monolith fabrication channel, 75 lm. This distance combined with the effective diffusivity leads to the calculation of the diffusion times of 70.22 min (when tortuosity ¼ 1) and 139.76 min (when tortuosity ¼ 2). This means that we expect the receiver bacteria to begin fluorescing approximately 70 min after the transmitter. The time between the transmitter and receiver fluorescent start was found to be 78 min. The correspondence between the model and experiment further supports our assumption that convection and biofilm effects are small.
In addition to the time between transmitter and receiver fluorescent start, the amplitude of the fluorescence was examined. Previously, we developed a mathematical model for the receivers that predicted the fluorescence output given the AHL input, 15 and in reverse, we were able to determine the AHL input given the fluorescence output. 6 Inputting the fluorescent response of the receivers into the reverse model, we found that the AHL concentration level was approximately 8.5 lM. With the initial Comsol modeling, we predicted that 30% of the AHL would diffuse from transmitters to receivers. With the addition of the monolith fabrication channel in the final design, shown in (Fig. 2) , there was further AHL loss due to diffusion into the fabrication channel. The final expected AHL percentage that reached the receiver population was 10%. As previously shown (Fig. 3) , the transmitters produce an AHL concentration between 50 lM and 360 lM. The 8.5 lM AHL determined from experimental results fall in the expected range of 5 lM and 36 lM AHL. Although the experiment ends at 1200 min (20 h), we plan on running extended experiments in future and allowing both bacterial populations to return to the off state. Despite this, we already surpassed previous attempt's two node experimental times, with a 24-h growth period followed by 20-h communication period.
IV. CONCLUSION
A design and implementation of porous monolith microfluidics for bacterial cell-to-cell communication assays was presented. Using genetically engineered "transmitter" bacteria and "receiver" bacteria that are isolated and cultured in stable populations in adjacent chambers in the microfluidic device, separated by a 75 lm thick porous monolith, we have demonstrated successful communication between them through a "pulse of arabinose (20 lM concentration, 50 min long) which is transduced to AHL and excites fluorescence in both the transmitter and receiver populations. The delay and amplitude of the receiver response are 78 min and 30 AU, which agree well with models. Experiments were conducted for 44 h, longer than other reported work, showing that the design is stable for relatively long duration experiments.
The channels have angular orientation optimized with finite element analysis to maximize communication and minimize errant bacterial growth. We also present a method for quantifying the intermediate AHL output of the transmitters for complete communication measurement to support future modeling efforts, showing good linearity across relevant concentrations of AHL and 90% yield. Although there is a 10% loss, the presented methods are quantitative vs the gold standard bioassay, which is more qualitative. The main factor in AHL loss occurs during the extraction process and AHL degradation. Due to the length of the experiment, collected AHL samples cannot be processed the same day and must be frozen before evaluated. Future development to further tune the extraction methods is under way. Advancements in lithographically defined monolith fabrication in microfluidic channels have been presented, opening this microfabrication approach for further use.
The lithographically patterned monolith in microfluidic devices is also amenable to more complex arrangements (e.g., multiple populations) and may thus be suitable for studying complex signals such as the microenvironment of the human GI tract in order to enable a fundamental understanding of the intercellular signaling between these bacterial populations. The porous monolith microfluidic system enables bacterial cell-to-cell communication assays with dynamic control of inputs, relatively long-term experimentation with no cross contamination, and stable bacterial population size and serves as a valuable tool in understanding bacterial communication in a controllable environment and improving biosensor design capabilities.
